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ABSTRACT 
 
This study was conducted at Atbara farm of the Arab Company for Crop 
Production where center pivots were used for producing alfalfa as a forage crop. The 
objectives were evaluation of the performance of the center pivot irrigation system, the 
irrigation scheduling practiced in the farm and crop water requirement. The low level of 
both macro–and micro – nutrients suggests the need for addition of nitrogenous, 
phosphatic and potassic fertilizers together with foliar spray of micro–nutrients. Also, the 
results showed that the uniformity coefficients, using Christiansen (Cu) and Heirman and 
Hein (CuHH) methods was relatively low being 84.14% and 85.32%, respectively. The 
distribution uniformity (Du) was 80% at 50% speed which is below the acceptable value. 
The results also revealed that the application efficiency is 77.72%. For proper irrigation 
scheduling, a recent innovation having the trade name „„Watermark” coupled with a 
special resistance digital meter were used for monitoring the soil moisture. It becomes 
evident from these results that when appropriate scheduling programmes are followed, as 
by using the “Watermark”, three to four irrigations can be eliminated in one month which 
will reduce the fuel cost and finally the total cost of operation of the center pivot 
irrigation system. 
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INTRODUCTION 
 
Irrigation is essential for agricultural production in arid- and semi-arid regions 
where rainfall is inadequate to sustain crop growth. Indeed, even in more humid areas, 
irrigation has now became the primary tool to increase and stabilize agricultural 
production in view of uncertainties of rainfall and frequent droughts and to feed an ever 
increasing world population. In Sudan, it has historically been viewed that irrigation is a 
mechanism for stabilizing agricultural production by overcoming problems associated 
with droughts and allowing for diversification of crop production. Fodder production 
became an important export crop for animal feeding, especially in the Arab countries. 
Most of the areas under fodder crops in Sudan are irrigated by surface irrigation. Due to 
the low irrigation efficiencies and high water losses of surface irrigation and rise of water 
management and operation costs, the general trend in Sudan is to adopt modern 
pressurized irrigation systems. Subsequently, large numbers of center pivot systems have 
been introduced. The efficiency of a center pivot is solely dependent upon the operating 
parameters and the hydraulic design of the system. Uniformity coefficient from center 
pivot irrigation should exceed 90%, a performance level with which sprinkler and 
machine manufacturers readily agree, but a level is infrequently attained in practice (Burt 
et al., 1977). A procedure for evaluating the efficiency of center pivot system is to 
determine Christiansen uniformity coefficient (Cu) but, more precisely, to determine the 
Heerman and Hein coefficient uniformity CuHH (1968). 
Center pivot systems are generally operating at very low levels of performance in 
Sudan. This is attributed mainly to the fact that these systems have been introduced 
without being subjected to proper research study. The objectives of this study are to 
identify and apply a set of performance evaluating parameters that consider technical and 
managerial indicators and to develop evaluation indices to be used as tools to improve the 
operation and performance of center pivot irrigation systems at any specified farm. 
Finally to develop a set of operating charts for optimum scheduling and operation of 
center pivot irrigation systems for producing field crops (e.g. alfalfa) particularly under 
dryland conditions. 
 
MATERIALS AND METHODS 
 
The study was conducted in the alfalfa field of the Arab Company for Crop 
Production under desert high terrace soil near Atbara.The experimental site is located 400 
km north of Khartoum on the eastern bank of the River Nile, at the intersection of latitude 
17
o48′ N and longitude 34o00′ E. 
According to the American system of soil classification (Soil Taxonomy, 1975), the 
area soil is Aridisol, the color of the soil matrix is yellowish brown at the surface 
changing to brown in the subsurface and grayish to dark grayish brown in the subsoil. 
The texture of the soil is predominantly sandy clay. The soils are invariably covered with 
surface gravel with approximately 50% coverage. The infiltration rate is good except for 
some saline sodic pockets. The soil reaction is alkaline with pH ranging from 8.13 to 
9.15. The soil is slightly calcareous in the surface and at the subsoil level (Elamin, 2006). 
The level of both macro - and micro-nutrients is low. The organic carbon, and 
hence organic matter is low. The climate of this location is semi-desert with summer 
rains and warm winters, with annual mean rainfall 63.2 mm falling mainly in July and 
August with less amounts in September. Mean annual temperature is 29.6
o
C, the average 
maximum temperature in the hottest months (April – June) is 42.3oC, while the minimum 
temperature in the same period is 25
o
C, and the average minimum temperature during 
winter (Dec-Feb.) is 14.7
o
C; while the average maximum temperature in the same period 
is 31.4
o
C. 
The field is irrigated by center pivot irrigation system produced by Alkhorayef 
company of Saudi Arabia under the trade name of Al –motaowar. The center pivot 
evaluated consisted of pivot point, seven spans, tower structure (drive units), drop pipes 
with super spray nozzles, diesel engine, turbine pump, and fertilizer tank. The center 
pivot under study derived its water from a borehole 60m deep with a static water level 
32m and a dynamic water level 88m. The diameter of the well casing was 0.349m. 
The procedure for evaluating the performance of the center-pivot irrigation system 
was based on the ASAE standard S436.1. Sixty two catch cans with similar opening 
diameters and heights (i.e. same size) were used for collecting water applied by the 
irrigation system. The catch containers were located in one line extending radially from 
the pivot point equidistantly at 5 meters. A 500 ml graduated cylinder was used for 
measuring the volumes of water collected in the catch containers. Three catch containers, 
the same as those used for catching irrigation water, were set out and filled with 
anticipated amounts of water that would be applied by the center pivot irrigation system. 
These three catch cans were used for evaporation adjustment. The center pivot was 
operated at 50% speed rate to apply a reasonable average depth of water and was allowed 
to completely pass over the catch cans. The amounts of water collected in the cans in (ml) 
were converted into depths of water in (mm), by using a conversion factor based on the 
area of the catch can. 
The distribution of uniformity of the system was computed by using the following 
formula as recommended by Michael (1978); 
𝐷𝑢 =
𝐷𝑠
𝐷𝑎𝑣𝑒
 × 100  ………… 1 
where: 
Du = Distribution uniformity (%) 
Ds = average low-quarter depth caught in cans. 
Dave = average depth of water accumulated in all cans. 
Coefficient of uniformity was calculated as described by Christiansen (1942) by 
the following formula: 
𝐶𝑢 = 100  1 −
 𝑥
𝑚𝑛
  ………… 2 
where: 
Cu = coefficient of uniformity (%) 
m = average value of observation points (mm) 
n = number of observations 
𝓍 = numerical deviation of individual observation from the average application rate (mm) 
The coefficient of uniformity was also computed by using Heerman and Hein 
modified formula as described by ASAE (1994) by using the following formula: 
CuHH = 100  1 −  
 𝑆𝑖  (𝐷𝑖−𝐷𝑤)
 𝐷𝑖  𝑆𝑖
  ………… 3 
where: 
CuHH = Heerman-Hein coefficient of uniformity (%). 
Si = distance from pivot to the catch can (m) 
Di = calculated depth of water as measured in catch can (i), (mm). 
The average weighted depth was calculated by using the following formula: 
𝐷𝑤 =  
𝐷𝑖  𝑆𝑖  
 𝑆𝑖
 ………… 4 
(Di – Dw) is defined as the absolute value of the difference between Di and Dw. If the 
difference is negative, the negative sign is ignored and is treated as positive. 
A Microsoft Excel spread sheet program was used for processing Table (1) to 
compute all the above formulae. 
Crop evapotranspiration was calculated using Penman method as described by 
Doorenbos and Pruitt (1977) based on local meteorological data of Atbara station. 
ETc = Rc X ETo--------5 
Where: ETo = reference evapotranspiration, mm/day. 
Rc = crop coefficient. 
For irrigation scheduling “Watermark” was used for monitoring the moisture of 
the soil which was irrigated by the center pivot under test.”Watermark” is the new 
generation of electrical resistance block; it measures the electrical resistance to current 
flow between electrodes embedded in a material resembling fine sand surrounded by a 
synthetic porous material. Readings were taken by a special resistance meter (Digital 
meter) in centibars (Plate 2). The sensors were placed at four locations down the length of 
the pivot (between towers) just ahead of the „start‟ point. Two “Watermark” sensors were 
placed at four locations 30cm and 60 cm in depth and referred to as “sensing” stations, 
and intended to give better representation of the effective root zones of the crop (alfalfa). 
Readings were taken every 24 hours during July and August (2007), readings were 
recorded and plotted on charts.  
Calibration of “Watermark” sensors was done by gravimetric determination of 
soil moisture content at the same time and from the same depth. 
 
RESULTS AND DISCUSSION 
 
Tables 1 and 2 show, respectively, the soil textural classification and chemical 
analysis of the experimental site. From these tables, it becomes evident that the soil is 
appropriate for the application of center pivot irrigation systems for crop production. 
However, it suggests the need for addition of nitrogenous, phosphatic and potassic 
fertilizers together with foliar spray of micronutrient fertilizers for successful crop 
production.  
Table 3 shows the data of water application by the center pivot system. These data 
were processed by a Microsoft excel spread sheet programme and the hydraulic 
parameters of the center pivot systems were determined.  
The distribution uniformity (DU) was found to be 80% as calculated by equation 
(1). On the other hand, the coefficient of water uniformity (Cu) was found to be 84.14% 
according to Christiansen‟s formula (eqn. 2). On the other hand, the more precise 
Heerman and Hein‟s equation  gave a Cu value of 85.32% but it is still considered less 
than the recommended value of 90% .Hence it is clear that the center pivot system 
requires some more corrective measures to upgrade its efficiency to the acceptable value. 
Figs. 1, 2, 3 and 4 represent the range of situations found in the four different 
moisture sensor stations located inside the experimental alfalfa field which was irrigated 
by center pivot system during July, 2007. These four figures show that the field was over 
irrigated and the soil moisture level never exceeded 20 centibars in the two depths 
(irrigation should occur at 20 to 30 centibars; as indicated by the shaded area). 
Figs. 5, 6, 7 and 8 indicate when proper irrigation management was practised 
during August, 2007 in the same farm. The moisture sensing curves lie within the 
recommended shaded areas. This was achieved due to the proper management practice 
followed, this because when soil moisture reading dropped to near 30 centibars, water 
was applied. Consequently, the moisture levels at the two depths dropped below 20 
centibars indicating that the soil profile had been filled. The drying cycle was resumed 
until irrigation occurred in the following time. This shows that four irrigations could have 
been eliminated or less irrigation water be applied in 30 days. From these results, the 
concept of controlling the operation of a center pivot system irrigation scheduling on the 
basis of soil moisture status using “Watermark” is sound. “Watermark” sensors have the 
advantages of low unit cost and simple installation procedures. They also do not require 
periodic maintenance during the growing season, and appropriate irrigation scheduling 
for center pivot irrigation system was adopted by using “Watermark”.  
Table 1. Percentage soil particle size of the experimental site  
Profile No Depth (cm) 
Particle size distribution Textural 
class Clay Silt Sand 
1 
00-20 31.1 10.4 58.5 SCL 
20-40 25.2 11.2 63.6 SCL 
40-60 25.2 10.8 64.0 SCL 
60-80 37.1 10.6 52.3 SC 
80-100 37.0 14.2 48.8 SC 
2 
00-20 30.2 10.2 59.6 SCL 
20-40 26.0 9.9 64.1 SCL 
40-60 25.2 9.7 65.1 SCL 
60-80 24.5 9.7 65.8 SCL 
80-100 37.8 9.1 53.1 SC 
3 
00-20 35.8 11.1 53.1 SC 
20-40 30.8 9.6 59.6 SCL 
40-60 27.2 9.2 63.6 SCL 
60-80 30.2 9.4 60.4 SCL 
80-100 38.80 7.6 53.6 SC 
4 
00-20 27.2 10.9 61.9 SCL 
20-40 29.4 9.9 60.7 SCL 
40-60 24.8 9.7 65.5 SCL 
60-80 27.2 9.7 63.1 SCL 
80-100 35.4 11.2 53.4 SC 
SCL: Sandy clay loam 
SC: Sandy clay 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.  Soil chemical properties of the experimental site 
 
Sample 
No. 
Depth pH 
ECe 
(ds/m) 
Ca+Mg 
(mmol+/1) 
Na 
(mmol+/1) 
N OC SAR 
1 
0-20 8.36 0.6 3.00 3.2 0.023 0.026 2.1 
20-40 8.58 0.25 1.00 1.5 0.024 0.020 2.6 
40-60 9.15 0.50 1.80 3.2 0.021 0.014 3.4 
60-80 8.82 0.25 1.0 1.5 0.020 0.004 2.1 
2 
0-20 8.6 0.30 1.5 1.5 0.026 0.0238 1.7 
20-40 8.9 0.20 1.3 0.8 0.024 0.0197 1.0 
40-60 8.77 0.30 1.5 1.5 0.023 0.018 1.7 
60-80 9.12 0.35 1.5 2.0 0.018 0.104 2.3 
3 
0-20 8.13 1.10 3.0 8.1 0.023 0.0249 6.6 
20-40 8.4 0.025 1.5 1.0 0.021 0.022 1.2 
40-60 8.75 0.35 1.0 2.5 0.019 0.0191 3.5 
60-80 8.95 0.25 1.0 1.6 0.02 0.102 2.3 
4 
0-20 8.6 0.30 2.0 1.2 0.024 0.022 1.2 
20-40 8.28 0.30 1.3 1.7 0.023 0.019 2.2 
40-60 8.36 0.35 2.0 1.5 0.02 0.017 1.5 
60-80 8.5 0.25 1.0 1.5 0.019 0.103 2.1 
ECe: Electrical conductivity of the saturation extract 
Ca Mg: Calcium, Magnisium; Na: Sodium; N: Nitrogen 
OC: Organic carbon; SAR: Sodium adsorption ratio. 
 
 
 
 
 
 
 
Table  3. Water application by the center pivot irrigation system 
 
 
 
 
 
 
 
 
 
 
Span 
No. 
Can 
No. 
Si 
Volume cm
3
  Average 
volume 
Average 
Depth (Di) 
DiSi 
Deviation 
(𝑥) 
(Di - 
Dw) 
Si(Di-Dw) 
 (xi)1 (xi)2 
1 
1 55 55 72 63.5 9.62 529.17 0.17 0.68 -37.4667 
2 60 65 71 68 10.30 618.18 0.85 1.36 -81.7818 
3 65 86 71 78.5 11.89 773.11 2.44 2.95 -192.006 
4 70 86 77 81.5 12.35 864.39 2.90 3.41 -238.594 
5 75 97 78 87.5 13.26 994.32 3.81 4.32 -323.818 
6 80 97 85 91 13.79 1103.03 4.34 4.85 -387.83 
7 85 77 60 68.5 10.38 882.20 0.93 1.44 -122.297 
8 90 70 52 61 9.24 831.82 0.21 0.30 -27.2182 
9 95 72 77 74.5 11.29 1072.35 1.84 2.35 -223.048 
10 100 64 40 52 7.88 787.88 1.57 1.06 106.1212 
2 
11 105 110 80 95 14.39 1511.36 4.94 5.45 -572.664 
12 110 84 71 77.5 11.74 1291.67 2.29 2.80 -308.267 
13 115 80 79 79.5 12.05 1385.23 2.60 3.11 -357.127 
14 120 78 69 73.5 11.14 1336.36 1.69 2.20 -263.564 
15 125 77 73 75 11.36 1420.45 1.91 2.42 -302.955 
16 130 80 90 85 12.88 1674.24 3.43 3.94 -512.042 
17 135 76 78 77 11.67 1575.00 2.22 2.73 -368.1 
18 140 80 40 60 9.09 1272.73 0.36 0.15 -21.1273 
19 145 60 45 52.5 7.95 1153.41 1.50 0.99 142.8909 
20 150 60 70 65 9.85 1477.27 0.40 0.91 -136.273 
3 
21 155 63 40 51.5 7.80 1209.47 1.65 1.14 176.2303 
22 160 50 50 50 7.58 1212.12 1.87 1.36 218.2788 
23 165 79 56 67.5 10.23 1687.50 0.78 1.29 -212.4 
24 170 75 42 58.5 8.86 1506.82 0.59 0.08 12.98182 
25 175 50 58 54 8.18 1431.82 1.27 0.76 132.6818 
26 180 55 63 59 8.94 1609.09 0.51 0.00 0.109091 
27 185 60 46 53 8.03 1485.61 1.42 0.91 168.2939 
28 190 68 46 57 8.64 1640.91 0.81 0.30 57.69091 
29 195 73 52 62.5 9.47 1846.59 0.02 0.53 -103.291 
30 200 73 56 64.5 9.77 1954.55 0.32 0.83 -166.545 
4 
31 205 75 49 62 9.39 1925.76 0.06 0.45 -93.0576 
32 210 82 42 62 9.39 1972.73 0.06 0.45 -95.3273 
33 215 95 59 77 11.67 2508.33 2.22 2.73 -586.233 
34 220 49 49 49 7.42 1633.33 2.03 1.52 333.4667 
 
A Microsoft Excel spreadsheet program was used for 
processing the above table. 
 
 
 
 
 
35 225 50 57 53.5 8.11 1823.86 1.34 0.83 187.6364 
36 230 83 57 70 10.61 2439.39 1.16 1.67 -383.194 
37 235 40 57 48.5 7.35 1726.89 2.10 1.59 374.0061 
38 240 82 57 69.5 10.53 2527.27 1.08 1.59 -381.673 
39 245 69 57 63 9.55 2338.64 0.10 0.61 -148.336 
40 250 81 57 69 10.45 2613.64 1.00 1.51 -378.636 
5 
41 255 67 57 62 9.39 2395.45 0.06 0.45 -115.755 
42 260 87 57 72 10.91 2836.36 1.46 1.97 -511.964 
43 265 80 57 68.5 10.38 2750.38 0.93 1.44 -381.279 
44 270 74 57 65.5 9.92 2679.55 0.47 0.98 -265.745 
45 275 50 57 53.5 8.11 2229.17 1.34 0.83 229.3333 
46 280 45 57 51 7.73 2163.64 1.72 1.21 339.5636 
47 285 68 57 62.5 9.47 2698.86 0.02 0.53 -150.964 
48 290 30 57 43.5 6.59 1911.36 2.86 2.35 681.2364 
49 295 50 57 53.5 8.11 2391.29 1.34 0.83 246.0121 
50 300 48 57 52.5 7.95 2386.36 1.50 0.99 295.6364 
6 
51 305 40 57 48.5 7.35 2241.29 2.10 1.59 485.4121 
52 310 48 57 52.5 7.95 2465.91 1.50 0.99 305.4909 
53 315 55 57 56 8.48 2672.73 0.97 0.46 143.3727 
54 320 35 57 46 6.97 2230.30 2.48 1.97 630.497 
55 325 35 57 46 6.97 2265.15 2.48 1.97 640.3485 
56 330 48 57 52.5 7.95 2625.00 1.50 0.99 325.2 
57 335 45 57 51 7.73 2588.64 1.72 1.21 406.2636 
58 340 43 57 50 7.58 2575.76 1.87 1.36 463.8424 
59 345 42 57 49.5 7.50 2587.50 1.95 1.44 496.8 
60 350 56 57 56.5 8.56 2996.21 0.89 0.38 132.7879 
7 
61 355 45 57 51 7.73 2743.18 1.72 1.21 430.5182 
62 360 51 57 54 8.18 2945.45 1.27 0.76 272.9455 
 
Total 
  
Average Total 
 
Total 
12865 9.45 115028 16886.23 
  
 
 
 
 
 
 
 
 
 
 
 
Plate 1. Watermark Sensor 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Plate 2. Digital Watermark Reader 
 
Sensor Station No. 1 
Days of the Month 
Fig. 1. Soil moisture level for an irrigated alfalfa field 
 
Shaded area indicates where irrigation should occur. 
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Fig. 2. Soil moisture level for an irrigated alfalfa field 
 
Shaded area indicates where irrigation should occur   
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Sensor Station No. 2 
Days of the Month 
Fig. 3. Soil moisture level for an irrigated alfalfa field  
 
           Shaded area indicates where irrigation should occur. 
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Fig. 4. Soil moisture level for an irrigated alfalfa field 
            
 Shaded area indicates where irrigations should occur. 
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Sensor Station No. 1 
Days of the Month 
Fig. 5. Proper irrigation management 
 
            Shaded area indicates where irrigations should occur. 
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Fig. 6. Proper irrigation management  
 
            Shaded area indicates where irrigations should occur. 
 
     Days of the Month 
Fig. 7. Proper irrigation management 
  
           Shaded area indicates where irrigations should occur. 
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Fig. 8. Proper irrigation management 
 
 Shaded area indicates where irrigations should occur. 
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CONCLUSIONS 
 
The following conclusions can be drawn from the study: 
1. The high terrace soils are suitable to be irrigated by center pivot systems for growing 
alfalfa; however, the level of both macro- and micro-nutrients must be checked. 
2. Water distribution uniformity is 80% with 77.72% application efficiency at 50% 
speed of the center pivot irrigation system. 
3. Uniformity coefficient is found to be 84.14% for Christiansen (Cu) and 85.32% for 
Heerman and Hein (Cu HH).This indicates that some areas of the field are either  
receiving about 15% more or less water than the average. 
4. When appropriate irrigation scheduling for center pivot system is adopted by using 
“Watermark”, four irrigations is eliminated during one month, thus 24 to 26 
irrigations could have been eliminated during the whole season which could lead to 
increased yields , higher profits , significant water saving and lower cost of 
operation. 
5. “Watermark” sensors have the advantages of low unit cost and simple installation 
procedures. They also do not require periodic maintenance during the growing 
season. 
 
RECOMMENDATIONS 
 
1. Evaluation of center pivot irrigation system is necessary to determine the gross water 
application rate and any losses or non-uniformities which might be occurring during 
application. 
2. Factors like condition of sprinklers, pressure variation within the system, intensity 
and direction of wind need to be properly managed to ensure that water distribution 
uniformity is at an acceptable level. 
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Some helpful internet websites: 
http://www.irrigation.org (The Irrigation Association) 
http://www.irri-gate.com/cgi-bin/intro.cgi (The Irrigation Association Search Engine) 
http://www.valmont.com/irr/irr.html (Valmont center pivots and linear moves) 
http://www.valmont.com/irr/uswwc/wcindex.html (Information on various crops) 
http://www.zimmatic.com/zimmatic/zimmatic/zis.shtml (Lindsay center pivots and linear 
moves) 
 
